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HPLVVLYLW\ RI WKH $U Հ DQG $U Հ VSHFWUDO OLQHV ZHUH PHDVXUHGE\ WKH ;-UD\
LPDJLQJ FU\VWDO VSHFWURVFRS\ ;,&6 DQG YDFXXP 89 989 VSHFWURPHWHU UHVSHFWLYHO\ 7KH SHDN
HPLVVLYLW\RI$UZDVUHGXFHGE\(&+DQHIIHFWODUJHVWZLWKN:FRPSDUHGWRN:RI(&+
7KH$UHPLVVLRQLQFUHDVHGZLWKKLJKHUKHDWLQJSRZHU7KH$'$6-6$1&2LPSXULW\WUDQVSRUWFRGH
ZDVXVHG WRHYDOXDWH WKH$U WUDQVSRUWFRHIILFLHQWV ,WZDV IRXQG WKDW WKH LQZDUGFRQYHFWLYHYHORFLW\
IRXQG LQ WKH SODVPD FRUH ZLWKRXW (&+ ZDV GHFUHDVHG ZLWK WKH (&+ ZKLOH GLIIXVLRQ UHPDLQHG
DSSUR[LPDWHO\FRQVWDQWUHVXOWLQJLQDOHVV-SHDNHG$UGHQVLW\SURILOH7KHRUHWLFDOUHVXOWVIURPWKH1(2














LQ WKH SODVPD FRUH >-@ ,Q SDUWLFXODU RXU SUHYLRXV .67$5 H[SHULPHQWV LQ /-PRGH SODVPDV
GHPRQVWUDWHG UHYHUVDORI$U LPSXULW\SLQFKGLUHFWLRQE\(&+ >@0RUH UHFHQW VWXGLHVKDYHPDGH
SURJUHVVLQWKHXQGHUVWDQGLQJRIFRUHLPSXULW\WUDQVSRUWE\LQFOXGLQJWKHFHQWULIXJDOIRUFHVH[HUWHGRQ
WKHKHDY\LPSXULW\LRQV>@DQGDOVRE\OD\LQJHPSKDVLVRQ0+'EHKDYLRXU>@+RZHYHU
WKHUH LVVWLOOQRFOHDUH[SODQDWLRQRQ WKHPHFKDQLVPV LQYROYHG LQ WKHFKDQJLQJ WUDQVSRUW LQGXFHGE\
DX[LOLDU\ KHDWLQJ SDUWLFXODUO\ WKH RSHUDWLRQDO FRQGLWLRQ UHTXLUHG WR LQGXFH DQ RXWZDUG FRQYHFWLYH
YHORFLW\DQGWKXVKROORZLPSXULW\SURILOHVLQWKHFRUH 
(IIHFWV RI (&+ RQ LPSXULW\ WUDQVSRUW DUH LQYHVWLJDWHG LQ WKLV SDSHU E\ DQDO\]LQJ WUDFH $U JDV
LQMHFWLRQ H[SHULPHQWV ZKLOVW VFDQQLQJ WKH (&+ SRZHU LQ .67$5 +-PRGH SODVPDV $U WUDQVSRUW




7KH SDSHU LV RUJDQL]HG DV IROORZV ,Q VHFWLRQ  WKH H[SHULPHQWDO FRQGLWLRQ DQG $U HPLVVLRQ
PHDVXUHPHQWVDUHGHVFULEHG6HFWLRQSUHVHQWVWKHDQDO\VLVRI$UWUDQVSRUWFRHIILFLHQWVE\6$1&2







LPSXULW\ WUDQVSRUW 7ZR SODVPDV ZLWK DQ (&+ SRZHU RI  DQG  N: 6KRW  DQG 6KRW
UHVSHFWLYHO\DUHFRPSDUHGWRDUHIHUHQFHSODVPDZLWKRXW(&+6KRW)RUERWK(&+
SODVPDVWKHKHDWLQJLVIRFXVHGRQ= PLG-SODQHDQG5 PZKLFKFRUUHVSRQGVWRݎȀܽ 
ZLWK*+](&+7KHH[DFWKHDWLQJSRVLWLRQDQGWKHVKDSHRISODVPDDUHVKRZQLQILJXUH)LJXUH
GHSLFWV WKH WHPSRUDOEHKDYLRXURIWKHIROORZLQJSODVPDSDUDPHWHUV IRU WKHQRQ-(&+DQGN:
(&+FDVHVWKHSODVPDFXUUHQW WKHOLQH-LQWHJUDWHGHOHFWURQGHQVLW\ WKHFRUHFKDQQHORI WKHHOHFWURQ






HPLVVLRQ WR VHSDUDWHO\ GHWHUPLQH WKH GLIIXVLRQ DQG FRQYHFWLRQ WUDQVSRUW FRHIILFLHQWV >@ (&+ LV








)LJXUH   7KH WLPH WUDFHV RI SODVPD SDUDPHWHUV IRU D QRQ-(&+ DQG E  N: (&+ SODVPD
FXUUHQWܫ௉ OLQH-LQWHJUDWHG HOHFWURQ GHQVLW\݊௘ HOHFWURQ WHPSHUDWXUH ௘ܶ DQG $U HPLVVLRQ IURP WKH
989 VSHFWURPHWHU 7KH UHG DQG \HOORZ VKDGHG UHJLRQV UHSUHVHQW WKH WLPH-ZLQGRZ RI (&+ DQG
6$1&2DQDO\VLVUHVSHFWLYHO\7KHYHUWLFDOSLQNOLQHLVWKH$ULQMHFWLRQWLPHV 
  
7KH UDGLDO SURILOHV RI HOHFWURQ WHPSHUDWXUH HOHFWURQ GHQVLW\ DQG LRQ WHPSHUDWXUH IRU HDFK
GLVFKDUJHDUHSUHVHQWHGLQILJXUH(OHFWURQWHPSHUDWXUHDQGGHQVLW\SURILOHVZHUHREWDLQHGIURPWKH
7KRPVRQ VFDWWHULQJ GLDJQRVWLFV DQG LRQ WHPSHUDWXUH SURILOHV IURP FKDUJH H[FKDQJH VSHFWURVFRS\




















WKH $U HPLVVLRQ 7KLV WUHQG ZDV VWURQJHU ZLWK KLJKHU KHDWLQJ SRZHU 2QH VKRXOG EH FDXWLRXV RI
LPPHGLDWHO\LQWHUSUHWLQJWKHFKDQJHVLQ$UOLQHHPLVVLRQDVDFKDQJHLQ$UWUDQVSRUWEHFDXVHRIWKH
HOHFWURQWHPSHUDWXUHDQGGHQVLW\GHSHQGHQFHRIWKHPHDVXUHGOLQHHPLVVLYLW\ZKLFKLVFDOFXODWHGE\ 









WKHܲܧܥRI$U LV LQYHUVHO\SURSRUWLRQDO WR ௘ܶDQG݊௘ZKLOH WKHܲܧܥRI$U H[KLELWV WKHRSSRVLWH










 డ௡ೋሺ௥ǡ௧ሻడ௧ ൌ െߘ  ? ߁௓ሺݎǡ ݐሻ ൅ ܵ௓ሺݎǡ ݐሻǡ 
 
ZKHUH݊௓ DQG߁௓DUHWKHGHQVLW\DQG WKHSDUWLFOH IOX[RIWKH LPSXULW\ LRQV UHVSHFWLYHO\7KHܵ௓WHUP
LQFOXGHV WKH LRQL]DWLRQ DQG UHFRPELQDWLRQ FRHIILFLHQWV IURP $'$6 FRQQHFWLQJ QHLJKERULQJ FKDUJH
VWDWHV 7KH SDUWLFOH IOX[ LV XVXDOO\ H[SUHVVHG E\ WKH IROORZLQJ DQVDW] FRQVLVWLQJ RI WZR WHUPV D
GLIIXVLRQFRHIILFLHQWܦሺݎǡ ݐሻDQGDFRQYHFWLRQYHORFLW\FRHIILFLHQWܸሺݎǡ ݐሻ 
 ߁௓ሺݎǡ ݐሻ ൌ െܦሺݎǡ ݐሻ డ௡ೋሺ௥ǡ௧ሻడ௥ ൅ ܸሺݎǡ ݐሻ݊௓ሺݎǡ ݐሻ 
 
7UDQVSRUW FRHIILFLHQWV ܦሺݎǡ ݐሻ DQG ܸሺݎǡ ݐሻ DUH DVVXPHG WR EH WLPH LQGHSHQGHQW VLQFH WKH PDLQ




7KH DIRUHPHQWLRQHG WZR $U OLQHV ZHUH XVHG IRU GHWHUPLQLQJ WKH WUDQVSRUW FRHIILFLHQWV )LUVW
6$1&2FDOFXODWHVUDGLDOGHQVLW\SURILOHVRIHDFKLRQL]DWLRQVWDJHZLWKWKHLQLWLDODVVXPSWLRQRIܦDQGܸ7KHWLPHHYROXWLRQRI$UOLQHHPLVVLRQFDQEHPRGHOHGE\HTXDWLRQZLWKWLPHDYHUDJHG ௘ܶDQG݊௘IURP ILJXUH  (),7 PDJQHWLF HTXLOLEULXP SURILOHV ZHUH XVHG IRU WKH OLQH LQWHJUDWLRQ SURFHVV RI
ORFDO$UHPLVVLRQVDORQJWKHOLQH-RI-VLJKW7KHYDOXHVRIܦሺݎሻDQGܸሺݎሻZHUHWKHQDGMXVWHGLWHUDWLYHO\
E\ WKH OHDVW VTXDUHV ILWWLQJ FRGH 87& XQWLO WKH V\QWKHWLF HPLVVLRQ UHSURGXFHG WKH PHDVXUHG
VSHFWURVFRSLF GDWD ZLWK WKH PLQLPXP YDOXHV RI UHGXFHG ߯ଶFORVH WR XQLW\ LQ DFFRUGDQFH ZLWK WKH
H[SHULPHQWDOHUURUEDUV7KHDEVROXWHO\FDOLEUDWHGPHDVXUHPHQWVIURPWKH989VSHFWURPHWHUV\VWHP
RQ .67$5 SURYLGHG D FRQVWUDLQW RQ WKH SUHVFULEHG $U SDUWLFOH LQIOX[ LQVLGH WKH ODVW FORVHG IOX[
VXUIDFH 2Q WKH RWKHU KDQG WKH ;,&6 V\VWHP ZKLFK PHDVXUHV $U OLQH KDV QRW EHHQ FDOLEUDWHG
DEVROXWHO\ VR LW SURYLGHV RQO\ UHODWLYH LQWHQVLWLHV 7KHUHIRUH D QRUPDOL]DWLRQ SURFHVV KDV EHHQ
FRQGXFWHGWRGHULYHWKHWUDQVSRUWFRHIILFLHQWIURP;,&6GDWD 
7KHEHVW ILW UHVXOWV RI WKH WKUHHGLVFKDUJHV DUHSUHVHQWHG LQ ILJXUH(DFKFROXPQ VKRZVQRQ-
(&+N:(&+DQGN:(&+FDVHVIURPWRS WRERWWRPRed lines are SANCO calculation 
result, and black bars indicate corresponding spectroscopic data with measurement errors. 7KH
  







FRHIILFLHQWVFDQEHVHHQ LQܸሺݎሻZLWKLQݎȀܽ ൏ZKHUHܽLV WKHPLQRUUDGLXVRI WKHSODVPD:KHQ
DSSO\LQJ(&+SRZHUWKHPDJQLWXGHRIWKHLQZDUGFRQYHFWLYHYHORFLW\ܸZDVGHFUHDVHGLQWKH


































WKHFDOFXODWLRQ7KHSDUWLFOH IOX[ LQERWKFRGHV LVFDOFXODWHGIRUD WUDFH LPSXULW\ $UEHFDXVH LW LV
PRVW DEXQGDQW DFURVV WKH SODVPD UDGLXV DV VKRZQ LQ ILJXUH E )LJXUH  VKRZV WKH QHRFODVVLFDO
WUDQVSRUWFRHIILFLHQWVIRUWKHQRQ-(&+DQG(&+FDVHV)RUHYHU\FDVHWKHQHRFODVVLFDOGLIIXVLRQLV-
 WLPHVVPDOOHU LQPDJQLWXGHFRPSDUHG WR WKH6$1&2GLIIXVLYLW\8QOLNH WKHH[SHULPHQW WKHUH LV







/RFDO IOX[-WXEH HOHFWURVWDWLF FDOFXODWLRQV DW ݎȀܽ ൏  ZKHUH ݎȀܽ    LV WKH (&+ WDUJHW
ORFDWLRQ KDYH EHHQ FRQGXFWHG XVLQJ WKH LQSXW SDUDPHWHUV OLVWHG LQ WDEOH   WKH ORJDULWKPLF
WHPSHUDWXUHDQGGHQVLW\JUDGLHQWVܴȀܮ ೐்ܴȀܮ்೔DQGܴȀܮ௡೐ZKHUHܴLVWKHPDMRUUDGLXVWKHWRURLGDO
  
URWDWLRQJUDGLHQWݑᇱ, the safety factor ݍ, and the magnetic shear ݏ7KHPRVWVLJQLILFDQWFKDQJHLQWKH
SODVPD HTXLOLEULXP FDXVHG E\  N: (&+ LV DQ LQFUHDVH LQܴȀܮ ೐்DQG D GHFUHDVH LQܴȀܮ்೔ZKLOHܴȀܮ௡೐ DQGݑᇱVOLJKWO\ GHFUHDVH DV VKRZQ LQ ILJXUH  7R VLPSOLI\ WKH DQDO\VLV WKH (&+ FDVHV DUH
GLYLGHGLQWRWZRFDVHV&DVH,WDNLQJRQO\WHPSHUDWXUHFKDQJHVLQWRDFFRXQWDQG&DVH,,FRQVLGHULQJ
DOO FKDQJHV OLVWHG DERYH ,Q WKH *.: VLPXODWLRQV WKH HOHFWURQ WHPSHUDWXUH JUDGLHQWV REWDLQHG E\
HOHFWURQ F\FORWURQ HPLVVLRQ (&( GLDJQRVWLFV ZHUH XVHG LQVWHDG RI WKH PHDVXUHPHQWV IURP WKH
7KRPVRQ VFDWWHULQJ V\VWHP EHFDXVH RI WKHLU KLJKHU VSDWLDO UHVROXWLRQ 7KHݍ DQG ݏ IDFWRUV ZHUH
PHDVXUHGE\WKHPRWLRQDO6WDUNHIIHFW06(GLDJQRVWLFV\VWHP 
 
Table 1. Input parameters for GKW calculation for each case 
&DVH ࡾȀࡸࢀࢋ ࡾȀࡸࢀ࢏ ࡾȀࡸ࢔ࢋ ࢛Ԣ ࢗ ࢙ 
1RQ-(&+       
(&+SODVPD&DVH,       




WKH YDOXH ݇௬ߩ௜ZKHUH WKH WUDQVSRUW LV PD[LPXP LQ WKH QRQOLQHDU VDWXUDWHG VWDWH >@ DQG WKH PRGH
IUHTXHQF\ɘ VSHFWUXP UHVSHFWLYHO\ $SSO\LQJ (&+ FDXVHV D GHFD\ LQ WKH JURZWK UDWH RYHU WKH
ZDYHQXPEHUUDQJHRI݇௬ߩ௜  ±DQGDFKDQJHLQWKHSHDNSRVLWLRQRIɀȀ݇௬ଶ,QDOOWKUHHFDVHVɘ ൐  ?DQGWKHXQVWDEOHPRGHVDUHWKHUHIRUHURWDWLQJLQWKHLRQGLDPDJQHWLFGLUHFWLRQ7KHUHIRUHLRQ





RI WKH SURSDJDWLRQ GLUHFWLRQ RI WKH PRVW XQVWDEOH PRGH >@7KH WXUEXOHQW $U SHDNLQJ IDFWRU LV
HYDOXDWHG ZLWK *.: XVLQJ WKH TXDVL-OLQHDU DSSURDFK GHVFULEHG SUHYLRXVO\ > @ ZKLFK VKRZHG
JRRGDJUHHPHQWZLWKQRQ-OLQHDUJ\URNLQHWLF VLPXODWLRQV >@+RZHYHU LQ WKHVHSUHYLRXVFDVHV WKH





7R FDOFXODWH WKH IOX[-VXUIDFH DYHUDJHG SHDNLQJ ILUVWO\ WZR WUDFH LPSXULW\ VSHFLHV HDFK ZLWK
GLIIHUHQW DUELWUDU\ UDGLDO JUDGLHQWV DUH LQFOXGHG LQ WKH J\URNLQHWLF VLPXODWLRQV ,W LV LPSRUWDQW WR
SURYLGH WKHVH WZR WUDFH LPSXULWLHV ZLWK DFFXUDWH WHPSHUDWXUH DQG WRURLGDO URWDWLRQ JUDGLHQWV WR
FRUUHFWO\ DFFRXQW IRUFKDQJHV LQ WKH DVVRFLDWHGSDUWLFOH IOX[FDXVHGE\FHQWULIXJDO HIIHFWV >@7KH
GLIIXVLRQDQGFRQYHFWLYHYHORFLW\FRHIILFLHQWVDUHWKHQUHVSHFWLYHO\FDOFXODWHGDV WKHJUDGLHQWDQG\-
LQWHUFHSWRIWKHOLQH ோۦ௰ೋۧۦ௡ೋۧ ൌ ۦܦ௓ۧ ർ ோ௅೙඀ ൅ ۦ ௓ܸۧ,                                                               (4)  
 
ZKHUHۦܴȀܮ௡ۧLV FDOFXODWHG LQWHUQDOO\ E\ *.: IRU ERWK WUDFH LPSXULW\ VSHFLHV DQG SURYLGHG DV DQ
RXWSXW 7KH LQGLYLGXDO FRQWULEXWLRQV WR WKH SHDNLQJ IDFWRUܸȀܦIURP WKHUPR-GLIIXVLRQܥ் >@ URWR-
GLIIXVLRQܥ௨ >@ DQG SXUH FRQYHFWLRQܥ௣>@ FDQ EH GHWHUPLQHG E\ LQFOXGLQJ WZR DGGLWLRQDO WUDFH
  
LPSXULW\VSHFLHVRQHZLWKݑᇱ DQGWKHRWKHUZLWKܴȀܮ ೐் ൌ 
7KH SHDNLQJ IDFWRUV DQG LQGLYLGXDO FRQWULEXWLRQV DUH VKRZQ IRU WKH WKUHH FDVHV OLVWHG DERYH LQ
ILJXUHV  G-I 7KH VKDGHG UHJLRQV LQGLFDWH WKH YDOXH RI݇௬DVVRFLDWHG ZLWK WKH GRPLQDQW OLQHDU
PRGH,QDOOWKUHHFDVHVWKHSHDNLQJIDFWRULVGHWHUPLQHGE\WKHEDODQFHRIWKHLQZDUGSXUHFRQYHFWLYH
WHUP DQG WKH RXWZDUG URWR-GLIIXVLYH WHUP ZKLOH WKHUPR-GLIIXVLRQ KDV D QHJOLJLEOH HIIHFW RQ WKH
SHDNLQJIDFWRU)RUWKHQRQ-(&+FDVHWKHWKHRUHWLFDOSHDNLQJIDFWRULVDSSUR[LPDWHO\P-ZKLFK
LV ZLWKLQ WKH H[SHULPHQWDO SUHGLFWLRQ RI േ P- $OWKRXJK WKH WKHRUHWLFDO SHDNLQJ IDFWRU LV
IRXQG WR GHFUHDVH WR D YDOXH RI  DERXW  P- LQ &DVH , ZKHUHܴȀܮ ೐் LV LQFUHDVHG DQGܴȀܮ்೔ LV
GHFUHDVHG LW LV QRW IRXQG WR DJUHH ZLWKLQ WKH H[SHULPHQWDO YDOXH RI േ P- 7KH ODFN RI
DJUHHPHQW LQ PDJQLWXGH LV H[DFHUEDWHG LQ &DVH ,, ORZHUܴȀܮ௡೐DQGݑᇱ ZKHUH D SHDNLQJ IDFWRU RI




)LJXUH   *.: VLPXODWLRQ UHVXOWV IRU WKH QR (&+ UHG (&+ &DVH , EOXH DQG ,, JUHHQ D
/LQHDU JURZWK UDWHV E PL[LQJ OHQJWK HVWLPDWLRQ DQG F PRGH IUHTXHQF\ G-I VKRZ WKDW IOX[
VXUIDFH DYHUDJHG SHDNLQJ IDFWRUV DQG LQGLYLGXDO FRQWULEXWLRQV IURP WKHUPR-GLIIXVLRQ ܥ்  URWR-






WKDW WKHUH LV QR FOHDU UHODWLRQ EHWZHHQ WKH GLUHFWLRQ RI WKH FRQYHFWLYH YHORFLW\ DQG WKH SURSDJDWLRQ
GLUHFWLRQ RI WKH PRVW XQVWDEOH WXUEXOHQW PRGH $ UHYHUVDO RI SLQFK GLUHFWLRQ E\ DGGLWLRQDO KHDWLQJ
ZKLFKSURYLGHVDKROORZSURILOHRILPSXULWLHVKDVEHHQREVHUYHGZKHQGRPLQDQWPRGHZDV7(0ZLWK
(&+>@RU,&5+>@+RZHYHUDQH[FHSWLRQDOREVHUYDWLRQWKHSLQFKUHYHUVDOE\,&5+XQGHU,7*
HQYLURQPHQW FDVH >@ KDV DOVR EHHQ UHSRUWHG )XUWKHU VWXGLHV RQ D FRQGLWLRQ IRU SLQFK GLUHFWLRQ
UHYHUVDOQHHGWREHFRQGXFWHGVLQFHDQRXWZDUGFRQYHFWLRQRILPSXULWLHVLV WKHNH\WRVXSSUHVVDQG
FRQWURO RI WKH FRUH DFFXPXODWLRQ RI LPSXULW\  )RU TXDVL-OLQHDU SHDNLQJ IDFWRU FDOFXODWLRQ UHVXOWV
DOWKRXJK D JRRG DJUHHPHQW EHWZHHQ WKH TXDVL-OLQHDU DQG 6$1&2 SHDNLQJ IDFWRU LV IRXQG LQ WKH
GLVFKDUJHZLWKRXW(&+WKH ODFNRIFKDQJHLQWKHTXDVL-OLQHDUSHDNLQJIDFWRUZKHQWKHWHPSHUDWXUH
GHQVLW\DQG WRURLGDO URWDWLRQJUDGLHQWVDUHDOWHUHG WRPDWFK WKHSODVPD UHVSRQVH WR(&+LQ+-PRGH







ZLWK DQG ZLWKRXW (&+ WR LQYHVWLJDWH HIIHFWV RI DGGLWLRQDO KHDWLQJ RQ $U LPSXULW\ WUDQVSRUW DQG LWV
DFFXPXODWLRQ 7KH H[SHULPHQWV DUH LPSOHPHQWHG E\ FKDQJLQJ WKH KHDWLQJ SRZHU RI (&+ ZKLOH
PHDVXULQJWKHWHPSRUDO$UOLQHLQWHQVLWLHVIURPWKH989DQG;,&6VLJQDOV(&+UHGXFHGWKH$U
HPLVVLRQ DQG LQFUHDVHG WKH $U HPLVVLRQ %RWK RI WKHVH WUHQGV ZHUH DPSOLILHG ZLWK LQFUHDVLQJ
KHDWLQJSRZHU 
7KHVHREVHUYDWLRQVZHUHLQWHUSUHWHGLQWHUPVRIWKH$USDUWLFOHGLIIXVLYLW\DQGFRQYHFWLYHYHORFLW\
FRHIILFLHQWVXVLQJ WKH6$1&2 LPSXULW\ WUDQVSRUW FRGH$SSO\LQJ(&+GLGQRW VLJQLILFDQWO\ FKDQJH
WKH $U GLIIXVLYLW\ RXWVLGH WKH ILWWLQJ HUURU EDUV EXW GLG FDXVH D UHGXFWLRQ LQ WKH LQZDUG FRQYHFWLYH










7KLV DOVR VXJJHVWV WKDW7(0 WXUEXOHQFH LVPRUH HIIHFWLYH DWHQKDQFLQJ WKH LPSXULW\ GLIIXVLYLW\ DQG
KHQFHUHGXFLQJWKHFRUHDFFXPXODWLRQ7KHIOX[VXUIDFHDYHUDJHG$USHDNLQJIDFWRUZDVFDOFXODWHGE\




KHDWLQJSRVLWLRQRI(&+DQG LQMHFWLQJGLIIHUHQW LPSXULWLHV VXFKDV.UDQG:ZLOOEHFRQGXFWHG LQ
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